Abstract: Statistical modeling lies at the heart of product design and development throughout numerous 1 engineering disciplines, especially since processing large amounts of data has become increasingly ubiquitous.
early 1960s. Somewhat ironically however, the stoic quest for optimal robust procedures made them vulnerable to 23 some of the same perils they initially set out to tackle. Nonparametric and distribution-free approaches on the other 24 hand, while being more broadly applicable, are frequently dismissed as too conservative and poor performing.
25
The main focus of this paper however is not to reiterate decades-old debates pertaining to philosophical aspects 26 of mathematical statistics, which is why Section 2 is exemplary and purposely non-exhaustive.
27
To the best of our knowledge, this paper is the first to draw attention to and explore some often overlooked 28 or oversimplified dangers and pitfalls that enter the equation when product design heavily relies on statistical 29 modeling. In Section 3, from an engineering perspective, we will comprehensibly and exhaustively develop the 30 relevant pathways allowing for flaws in the initial modeling to yield to civil liability 1 for various actors involved. wherein our focus will be on the German jurisdiction, although due to European harmonization most aspects hold for all European Member States and can furthermore partly be extrapolated to other parts of the world. 
Very high
Moderate to low -Robust approaches, accordingly, can be thought of as pursuing a compromise between the two
Normality Assumption, Maximum Likelihood and Least Squares

48
Consider the basic problem of observing a fixed but unknown value µ contaminated by random errors X n ,
49
i.e.
50
Y n = µ + X n (1) with X n ∼ N 0, σ 2 and thus Y n ∼ N µ, σ 2 , i.e. the probability density function (p.d.f.) of the random 51 variable Y is given by
y 1 , . . . , y N of Y n , the joint probability density function is given by the product of the individual densities, i.e.
59
f (y 1 , . . . , y N ;
with L (θ; y) being the likelihood function, a function of the unknown distributional parameter vector θ 60 conditioned on the observed data sample y = [y 1 , . . . , y N ]. The likelihood function L (θ; y) can be interpreted as 61 pertaining to the probability of observing exactly the specific dataset at hand, i.e. y 1 , . . . , y N , for a particular θ.
62
Then, searching for estimatesθ such that L θ ; y is maximized yields parameters for the assumed distribution that 63 result in the highest probability of 'producing' the observed data. Since the natural logarithm is a monotonically 64 increasing function, maximizing the more tractable ln L (θ; y) yields to the same result as maximizing L (θ; y).
Accordingly, rather than working with the likelihood function of Eq. (3) 
instead. Applied to the problem formulated in Eq. (1) this yields 68 ln L (θ; y) = − N 2 ln (2π) − N 2 ln σ 2 − 1 2
The so-called likelihood-equation provides the necessary condition for maximizing the log-likelihood
Since 71 ∂ 2 ln L (θ; y) ∂µ 2 = − N σ 2 < 0 =⇒ maximum (7) holds, the maximum likelihood estimate for µ is then obtained by multiplying Eq. (6) with σ 2 and solving 72 forμ, which yields
Least Squares Estimator
74
Alternatively, one may follow a least-squares approach and construct an estimator that minimizes the 2 75 norm, i.e. 
Thus, if the normality assumption holds, both maximum likelihood and least squares yield the same 81 estimator, in this case the sample mean. Note that this is not generally the case. 
History of the Normal Distribution and long-held Doubts as to the Validity of the Normality Assumption
83
The optimality of the sample mean (i.e. the arithmetic mean) as an estimate of µ in Eq. (1) 
97
In his derivation of the normal distribution Gauss built on previous attempts by Laplace to formally justify 98 the use of the sample mean as the optimal estimator for observations contaminated by random errors, an approach 99 customarily used at the time across the entire spectrum of natural sciences despite the lack of formal justification 100 [6] . While by minimizing the absolute value of the estimate's deviation from the true value Laplace failed 101 to prove the optimality of the arithmetic mean he ended up proving the median to be the minimum-variance 102 estimator of the location parameter for the double exponential distribution 2 , whose p.d.f. is given by
with 0 < m < ∞. Gauss was heavily influenced by Laplace's work and about three decades later finally 104 delivered a formal justification for the use of the sample mean. As Hald (See [6] at 51) emphasizes, but for
The double exponential distribution later became known as and today commonly goes by the name of Laplacian distribution. See, e.g.
[7] at 6 the different scaling (m/2 being replaced by h/ √ π), Gauss' normal distribution is the double exponential
106
(Laplacian) distribution of Eq. (14) with the exponent m|y − θ| replaced by h 2 (y − θ) 2 with h = 1/ √ 2σ .
the sample standard deviation (or root mean square deviation)
and the mean deviation (or mean absolute deviation)
can be used as scale estimators. It turns out, however, that as soon as one contaminates the distribution of 136 x i in Eq. (15) with a fraction as tiny as = 0.0018 from the heavier tailed distribution, the root mean square 137 deviation ceases to be more efficient than the mean absolute deviation and at = 0.05 the latter is twice as 138 efficient as the former (see [16] at 6) . This holds for all 0.002 ≤ ≤ 0.5 (see [17, 18] corresponding density f X (x; µ) one obtainsμ ML as
or equivalently by solving
Huber generalizes this by instead solving
with ψ = ρ being the score-function. Note that while choosing ρ = − ln f X (x) and
yields the maximum likelihood estimator as a particular case of the M-estimator, the latter is more general in 161 that the score function ψ is not required to be the derivative of some ρ-function with respect to the parameter of 162
interest. An important ρ-function is the so-called Huber ρ-function
with the corresponding ψ-function 
which behaves like a normal distribution for small x and like an exponential distribution for larger values of 170
x (see, e.g. [13, 17, 19] ).
Comparing ML and M estimators, the crucial difference is that ρ ML = − ln f X (x) and An intuitive approach to assess the influence of an arbitrary data point x on a statistic computed on a sample 178 was proposed by Tukey [22] in form of the sensitivity curve (SC). Given a sample x 1 , . . . , x n−1 drawn from 179 N 0, σ 2 by adding an additional arbitrary data point x the sensitivity curve for the sample mean
a linear function in x (see [20] at 17). The limit of S C n (x) for n → ∞ then represents the asymptotic
182
influence of the additional arbitrary data point x on the sample mean. S C n (x) however is generally Let F n denote the empirical distribution function of the sample x 1 , . . . , x n andθ = (
the sample mean. Expressed as functional this would beθ (F n ) = xdF n (x). Hampel's IF is defined as
where ∆ x denotes point-mass 1 at x. That is, the IF expresses the difference of the estimator following the 
i.e. the asymptotic bias of an estimator with bounded influence function is bounded as well (see, e.g. The asymptotic breakdown point (ABP) * of a sequence of estimators T n for parameter θ ∈ Θ at 210 probability F is defined by
with π being the Prohorov distance (see [9] at 97).
213
The finite sample breakdown point (FSBP) * n of the estimator T n at sample (x 1 , . . . , x n ) is given by
where the sample (z 1 , . . . , z n ) is obtained by replacing the m data points x i 1 , . . . , x i m by the arbitrary values 215 y 1 , . . . , y m (see [9] at 98). In many cases, taking lim n→∞ * n yields the ABP * .
217
It is worth noting that the FSBP of Eq. (29) differs from the one proposed by Donoho and Huber [26] 218 in that, e.g., the latter yields 1/n for the sample mean whereas the FSBP of Eq. (29) following classification therefore appears in order:
235
• Robust Procedures are essentially parametric procedures that have been "hardened" so as to allow for (small)
236
deviations from the assumed nominal model. At their core, however, they remain parametric methods, i.e.
237
they are based on the explicit or implicit assumption of a clearly defined model which is fully described by 238 a rather low-dimensional set of parameters (e.g. [µ, σ] for the normal distribution).
239
• Nonparametric Procedures on the other hand are different in that no such restrictive assumptions are made.
240
In fact, one may interpret nonparametric statistics as being 'infinitely dimensional parametric'. However,
241
certain assumptions are commonly encountered in nonparametric statistics as well, e.g. that the data sample 242 3 Procrustes ('the stretcher'), was a Greek robber who would lure unsuspecting travelers into his house by promising them a nice meal and a comfortable bed to spend the night. Procrustes then proceeded to have his victims lie on his special (torture) bed, which he obsessively wanted to be the perfect fit for his victims. Since it virtually never was, Procrustes would accordingly 'adjust' his victims so to as to achieve a perfect fit. This meant that, if they were too short, they would be stretched while if they were too big, they would have their extremities cut off. Procrustes is purported to actually have had two such beds of slightly different dimensions to account for the unlikely case that a victim would fit the first bed perfectly. Consider two independent samples (x 1 , . . . ,
i.e. with G (x) equal to F (x) but for an unknown location shift ∆. Let the two samples be merged into a 288 sample of size m + n and let R i represent the rank of x i in said merged sample. Let furthermore a i = a (i) with 1 ≤ i ≤ m + n be some given scores (weights). One may then test for ∆ = 0 against ∆ > 0 based on the test
with scores a i generated by some function J 292
and accordingly
Under the null hypothesis of ∆ = 0 the expected value of Eq. (30) is then 0.
296
In the following, let m = n for the sake of simplicity. Eq. (30) expressed in terms of functionals
and by substituting
Note how Eq. (35) together with Eq. (31) yields Eq. (30).
301
An R-estimator of location T n and shift ∆ n can be derived by adjusting ∆ n such that Eq. (30) computed 302 for samples (x 1 , . . . , x n ) and (y 1 − ∆ n , . . . , y n − ∆ n ) becomes as close to zero as possible, i.e. S n,n ≈ 0.
303
In the one-sample case one adjusts T N such that S n,n ≈ 0 when computed for samples (x 1 , . . . , x n ) and 304 (2T n − x 1 , . . . , 2T n − x n ), i.e. the missing second sample is replaced by a mirror image of the first sample 305 wherein each x i is replaced by T n − (x i − T n ) = 2T n − x i . Put differently, S n,n ≈ 0 means that one adjusts or 306 rather shifts the second sample, either through ∆ n in the two-sample case or T n in the one-sample case, such that 307 a difference between the two is no longer discernible.
309
The location estimator T n thus derives from a functional T (F), defined by the implicit equation
(see, e.g.
[17] at 62; [9] at 111).
312
The Wilcoxon test, J (t) = t − 1 2 e.g. yields the Hodges-Lehmann estimates ∆ n = med{y i − x j } and
The score generating function J (t) shall be assumed to be symmetric, i.e.
and a function U (x) shall be introduced as the indefinite integral of
The influence function of the R-estimator can then be shown to be
which for symmetric F, which in turn implies U (x) = J (F (x)), simplifies to
(see [17] , Section 3.4).
321
For a monotone and integrable J for which T (F) is uniquely defined, T is continuous at F and the 322 breakdown point * is given the value of for which averages, has a breakdown point of
which is to be considered reasonably high. 
Civil Liability for Product Defects
329
In the following the distinct mechanisms and ramifications arising from the three main liability constructs, 330 which are depicted in Table 2 , will be analyzed and necessary and up-to-date references to case law to interpret 331 and apply them correctly will be provided. In doing so, a self-contained and concise, yet exhaustive picture 332 of these extensive areas of civil law is developed, thereby removing the requirement of prior knowledge of 333 the subject matter on the part of the reader. In essence, all statutory provisions of relevance to the discussions 
There must be an adequate causal link between the claimant's damages and the defendant's conduct, either
485 through an active act ('Aktives Tun') or through an act of omission ('Unterlassen').
486
Liability arising from acts of omissions evidently deserve careful consideration in the area of products liability.
487
For it may be argued that in the ordinary course of events, an infringement of protected rights or interests by the 488 manufacturer due to negligent or intentional omission is more likely than due to active wrongdoing. This leads us
489
to the central notion of duty of care (Verkehrssicherungspflicht) pertaining to § 823 I. The manufacturer has to design the product such that to his best abilities and under reasonable 495 economic feasibility constraints, no unreasonably unsafe or dangerous product with respect to the current 496 scientific and technological knowledge will be placed on the market. The manufacturer is also expected to 497 anticipate and take into account the (potentially improper) use of its product outside the intended scope and 498 by users other than those it was originally intended for and marketed to if he knew or ought to have known 499 that such scenarios were conceivable. The definition of intention and negligence is provided by § 276 BGB which states that the obligor is responsible for intention and negligence, if a higher or lower degree of liability is neither laid down nor to be inferred from the other subject matter of the obligation, including but not limited to the giving of a guarantee or the assumption of a procurement risk. The provisions of § 827 and § 828 apply with the necessary modifications. ( § 276 I BGB) 10 A person acts negligently if he fails to exercise reasonable care. ( § 276 II BGB) Presuming the absence of design defects, defective products may still result from irregularities in 504 the manufacturing process itself, e.g. due to human error or defective machinery. To address this, adequate 505 quality control measures and policies must be implemented and enforced to ensure the adherence to 506 established quality and safety standards. It is evident though that defects of individual products can never 507 be completely avoided, despite all quality control mechanisms and safeguards.
508
In this context it is important to emphasize that the manufacturer is not liable for 'outliers' ('Ausreißer'), i.e.
509
single defective products, provided he undertook reasonable and adequate efforts to avoid them or at least 510 to detect them and hinder the afflicted products from leaving the manufacturer's 'sphere of control'. As 511 shall be explained in Section 3.3, the 'outlier-defense' can however only be invoked to exculpate oneself 512 from tortious liability whereas the manufacturer will still be held strictly liable under ProdHaftG. The manufacturer is obliged to clearly warn from dangers arising from the use of its product, 517 especially if used as intended and if the danger is not immediately discernible. Depending on the level of 518 danger and the foreseeability of misuse or improper use giving rise to said danger, the duty to make users 519 aware may also expand to encompass use cases outside the product's intended use.
520
Warnings have to be articulated clearly and unambiguously and, depending on the severity of the danger, be 521 further emphasized and highlighted. There is however no duty to warn from obvious dangers of which the The manufacturer is generally obliged to implement organizational measures and procedures so 528 as to avoid the establishment of sources of potential dangers to the best of his ability. This duty overlaps 529 with other duties of care imposed onto the manufacturer, be they statutory or established by case law. The manufacturer shall monitor for and react to new evidence pertaining to possible dangers 534 arising from use of the product. Case law established that, under certain conditions, this duty also 535 encompasses products by other parties (e.g. accessories) that, when used in combination with the product 536 may give rise to dangers. Depending on the severity of the newly discovered danger the manufacturer may 537 even be obliged to proceed with a product recall. 
Burden of Proof
539
In German tort law -in particular pertaining to § § 823 I,II BGB -an alleviation of the burden of proof has 540 been established by case law. For the courts acknowledged it would regularly amount to an undue burden (or 541 even be infeasible) for the claimant to prove the alleged tortfeasor's fault (i.e. to establish that the conduct that 542 led to the damages was intentional or negligent), as would be required following a strict interpretation of the law.
543
It has therefore been established that providing so-called prima facie (Latin for 'at first sight') evidence for the 544 alleged tortfeasor's fault and the causal relationship to the damages claimed suffices as long as no compelling It may therefore be argued that tortious product liability, which as a matter of principle is based on 552 faulty conduct, has effectively been tilted towards strict liability [41] [42] [43] . statute-barred is to provide legal certainty for all parties involved.
564
There are no caps on damages in the German law of torts. This constitutes a major differentiating factor 565 with respect to other constructs, e.g. specific strict liability statutes such as ProdHaftG. Furthermore German law 566 does not allow for punitive damages [45] [46] [47] [48] and similarly rejects the concept of class action lawsuits [49] . In such case as a defective product causes a person's death, injury to his body or damage to his 588 health, or damage to an item of property, the producer of the product has an obligation to compensate 589 the injured person for the resulting damage. In case of damage to an item of property, this shall only 590 apply if the damage was caused to an item of property other than the defective product and this 591 other item of property is of a type ordinarily intended for private use or consumption und was used 592 by the injured person mainly for his own private use or consumption. pursuant to the Act they will be addressed separately in Section 3.3.10 below. (1) A product has a defect when it does not provide the safety which one is entitled to expect, taking 627 all circumstances into account, in particular 628 a) its presentation, 629 b) the use to which it could reasonably be expected that it would be put, 630 c) the time when it was put into circulation.
631
11 The status of software materialized exclusively on volatile memory and even more so of software applications executed on third party servers is somewhat disputed as it is considered by some to more appropriately qualify as a service that is rendered rather than a product. There is however a trend towards affirming the applicability of ProdHaftG on software as a matter of principle [43] . To date according to the prevailing opinion a distinction is usually made between commercial off-the-shelf software ('Standardsoftware') and individually produced software ('Individualsoftware'), with the former being considered to be a product while the latter is classified as a service ('Dienstleistung') [50].
(2) A product is not defective for the sole reason that a better product is subsequently put into 632 circulation. expectations of the intended or expected user of the product, which the producer ought to account for, may be 644 relaxed if the product is intended for use by and marketed to skilled professionals rather than to the general 645 public, except when it is known or ought to be known or expected that the product may eventually find its way to 646 the general public as well [43] . In other words, the producer ought to take a foreseeable misuse of the product 647 into account. conduct (harder to establish) and thus e.g. does not apply for damages that arose from so-called outliers. To the best of our knowledge, this paper is the first to draw attention to and explore some often overlooked or 888 oversimplified dangers and pitfalls that enter the equation when product design heavily relies on statistical 889 modeling. In particular, through a diligent analysis of both statistical and legal aspects we will explore how 890 statistically optimal procedures may yield far from optimal outcomes in terms of product liability when applied 891 to actual real life problems and why suboptimal nonparametric or robust approaches may constitute better 892 alternatives.
894
It appears in order to emphasize some limitations of this work, most notably that rather than clear 895 solutions only very general recommendations were proposed. This is however inevitable due to the very nature of 896 laws and statutes that will to some extent always remain open to interpretation thus requiring their implications 897 to be assessed on a case-by-case basis. 
